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Abstract 
 
Sleep is necessary for normal psychological functioning, and psychological function in turn 
affects sleep integrity.  Recent investigations delineate the relation of sleep to a broad array of 
processes ranging from learning and memory to emotional reactivity and mood, and use a variety 
of methodological approaches (imaging, electrophysiological, behavioral) to reveal the complex 
relations between sleep and the functioning of the awake brain.  The articles in this issue advance 
our fundamental knowledge of the relation of sleep to psychological function.  In addition, 
several of the papers discuss how sleep is affected by or affects human clinical conditions, 
including insomnia, epilepsy, mild cognitive impairment, bipolar disorder, and cancer.  Together, 
the articles of this special issue highlight recent progress in understanding the behavioral 
neuroscience of sleep and identify promising areas for future research, including the possibility 
of sleep-based interventions to improve psychological health. 
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Sleep that knits up the raveled sleave of care, 
The death of each day’s life, sore labor’s bath, 
Balm of hurt minds, great nature’s second course,  
Chief nourisher in life’s feast. 
 
Macbeth (Act II, scene 2) 
 
 
Sleep is increasingly recognized as a major factor in awake psychological functioning. Nighttime brain 
activation reflects information processing of stimuli that were encountered during the previous day or 
days, and also prepares the brain for optimal information processing the next day.  Fundamental studies 
of humans and non-human animals have identified mechanisms by which sleep normally interacts with 
learning, memory, and other cognitive processes (e.g., Diekelmann, 2014; Djonlagic, Saboisky, 
Carusona, Stickgold, & Malhotra, 2012; Fischer, Diekelmann, & Born, 2011; Wilhelm, Diekelmann, 
Molzow, Ayoub, Mölle, & Born 2011), and build upon knowledge of brain areas and neurotransmitter 
systems relevant to sleep (e.g., Chen et al., 2015; Lazarus, Huang, Lu, Urade, & Chen, 2012; Qiu, 
Vetrivelan, Fuller, & Lu, 2010; Qiu, Yao, Vetrivelan, Chen, & Lu, 2016).  Topics of intensive study 
include sleep and development (e.g., Blumberg, 2015; Tarullo, Balsam, & Fifer, 2011), sleep and aging 
(Fogel et al., 2014; Lim et al., 2012; Scullin & Bliwise, 2015), gene-environment contributions 
(Genderson et al., 2013), and diurnal rhythms (Bostock & Steptoe, 2012; Videnovic, Lazar, Barker & 
Overeem, 2014).  On the other end of the research spectrum are investigations of and interventions for 
neurological, psychiatric, and other disorders that are associated with disruption of normal sleep, 
including rapid eye movement behavior disorder (Chen, Yu, Huang, & Lu, 2013), alcoholism (Knapp, 
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Ciraulo & Datta, 2014), Alzheimer’s disease (Cedernaes et al., 2016; Lim et al., 2014), Parkinson’s 
disease (Stavitsky, Neargarder, Bogdanova, McNamara, & Cronin-Golomb, 2012; Stavitsky et al., 2008; 
Videnovic & Golombek, 2013), insomnia and other sleep disorders in children and adults (Alfano & 
Gamble, 2009; Chase & Pincus, 2011; Edinger & Means, 2005; Fairholme, Carl, Farchione, & 
Schonwetter, 2012; Harvey & Tang, 2012; Mindell et al., 2006; Pincus, Weiner, & Friedman, 2012).  
Though the above quote is often cited with respect to the positive effects of sleep, in Shakespeare’s play 
it is flanked by cries of “Sleep no more!”, heralding the coming of Macbeth’s disastrous cognitive and 
emotional disturbances.  
 
The goals of this special issue are to highlight recent progress in understanding the behavioral 
neuroscience of sleep, draw attention to exciting new directions in the field, and identify 
promising areas for future research.   
  
The first topic, the relation of sleep to cognition in healthy young human adults, is explored by 
papers on decision making and memory.  Seeley and colleagues (in press) (Canada) reported 
results of a decision-making study (“Ventromedial prefrontal theta activity during rapid eye 
movement sleep is associated with improved decision-making on the Iowa Gambling Task”).  
Prior to sleeping, one group of young adults engaged in the Iowa Gambling Task (IGT), a test of 
decision making in which decks of cards have relatively high and low risk and payout.  A second 
group received a control task.  Skin conductance response was assessed while the participant 
engaged in the task to order to evaluate pre-sleep insight into the nature of the high-risk card 
deck.  Polysomnographic recordings were conducted during sleep.  The IGT group was again 
administered the IGT the next morning, after sleep.  IGT performance is known to be sensitive to 
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function of the ventromedial prefrontal cortex; although the groups did not differ in sleep 
architecture, during rapid eye movement (REM) sleep, the IGT group exhibited an increase in 
theta frequency above the ventromedial PFC (baseline to post-IGT training).  Further, this 
increased theta activity correlated with performance improvement (reduction in choice from the 
high-risk deck).  An intriguing additional finding was that skin conductance response toward the 
high-risk deck (a proxy for insight into the consequences of selecting from that deck) correlated 
with the ventromedial PFC theta activity that was observed during REM.  The investigators 
concluded that mechanisms during REM sleep may be associated with decision processing. 
 
The three papers on memory in healthy young adults were by Bennion and colleagues (US), 
Appleman and colleagues (Canada, US, Belgium), and Verweij and colleagues (the 
Netherlands).  Bennion and colleagues (“The impact of napping on memory for future-relevant 
stimuli: Prioritization among multiple salience cues”; in press) conducted a behavioral study 
examining how sleep prioritizes the consolidation of future-relevant information when that 
information is salient with respect to either intentional encoding, reward, or emotional value 
(neutrality vs. positive or negative valence).  Consolidation was facilitated through a nap in one 
group, whereas the other two groups remained wakeful either after a nap or without a nap.  Their 
finding was that with the simultaneous occurrence of various salience cues, sleep prioritizes 
instructed learning (that is, intentionally encoded stimuli are remembered better than incidentally 
encoded stimuli), implicating top-down, goal-related processes.  Rewarded stimuli tended to be 
remembered better than non-rewarded stimuli, though the preference was not as consistent as for 
intentionally/incidentally learned stimuli.  There was no selective effect of sleep on memory for 
emotional stimuli when multiple, apparently more salient cues to future-relevance were present.  
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Though there were no direct measures of neural function in this study, the authors pointed to 
earlier reports that the reactivation of intentionally-encoded, and rewarded, information in the 
hippocampus probably occurs during slow-wave sleep, whereas REM sleep is more associated 
with sleep-based emotional memory enhancements.  With respect to the study by Seeley and 
colleagues described above, it would be of interest to examine whether brain activation patterns 
are similar for emotional information processing and for reward-based decision-making as 
elicited by the IGT. 
 
The paper by Appleman and colleagues (in press) focused on the relation of sleep quality to the 
initial learning phase rather than to retrieval processes (“Sleep quality influences subsequent 
motor skill acquisition”). Sleep quality (amount of time awake after sleep onset), as indexed by 
actigraphy, was associated with acquisition of a motor sequence.  Known effects of sleep on the 
hippocampus, and the known role of the hippocampus in motor learning, together suggest that 
sleep patterns influenced hippocampal activity and so modulated learning and subsequent 
consolidation.  The investigators acknowledged, however, that cortico-striato-cerebellar 
networks (which are known to be important for motor sequence learning but about which less is 
known in regard to sleep-related effects) may also play a role.  A unique contribution of this 
study was that it examined sleep quality within a group of putatively healthy young adults 
without diagnosed sleep problems, but found that they in fact had a substantial range of sleep 
quality and quantity, as measured by actigraphy.  As sleep quality correlated with motor 
sequence learning, the absence of diagnosed sleep disorders should not be taken to mean that 
sleep in all healthy young adults is equally “normal”; further, one should expect variability in 
learning and memory to reflect variability in sleep integrity. 
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Verweij and colleagues (in press) examined the effect of sleep on motor skill consolidation in 
normal sleepers (“Sleep to the beat: a nap favours consolidation of timing”). Like the study by 
Appleman and colleagues, this research assessed motor sequence learning. The manipulation was 
that one group of participants had a 90-minute nap between sessions and the other group did not.  
There were two timing conditions: the pattern to be learned was characterized either by 
sequential temporal intervals or random temporal intervals.  Comparing performance before and 
after the nap, the sleep group alone showed improvement (as expected, as many studies have 
shown that motor sequence learning is consolidated during a nap); but of interest, this occurred 
especially for the sequential condition.  Electroencephalography (EEG) was conducted, but there 
was no correlation between any sleep variable and motor skill performance.  Previous research 
by this investigative group showed that performance of this task was associated with co-
activation of, and increased functional connectivity between, the hippocampus and the 
cerebellum.  On the basis of the behavioral findings, Verweij and colleagues concluded that sleep 
appears to facilitate the extraction of timing regularities for optimal subsequent performance of 
motor skills. 
 
Variability in memory in relation to sleep disruption is the topic of three papers, two of them 
being descriptions of human clinical conditions and the third an experimental study of sleep 
deprivation in rats.  The human clinical conditions are mild cognitive impairment (MCI), 
described by McKinnon and colleagues (Australia), and epilepsy, reported by Miller and 
colleagues (Australia and the Netherlands).  In the first study (“Sleep disturbance in Mild 
Cognitive Impairment is associated with alterations in the brain's default mode network”), 
9 
 
McKinnon and colleagues (in press) examined functional connectivity in the brain’s default 
mode network in individuals who were identified with MCI, which is a possible prodromal phase 
for Alzheimer’s disease.  A subtype of MCI is referred to as amnestic, meaning that the initial 
and primary symptom is memory impairment.  Those in this subgroup (aMCI) are more likely to 
“convert” to Alzheimer’s disease than are those with MCI that is non-amnestic.  The participants 
with MCI were divided into subgroups based on whether or not they had self-reported sleep 
disturbance.  The primary finding was that those in the sleep-disturbed subgroup showed weak 
connectivity between lateral temporal areas and both retrosplenial cortex and posterior inferior 
parietal lobule, and between parahippocampal cortex and both the temporal pole and 
hippocampal formation, relative to the subgroup without sleep disturbance.  For the aMCI group 
specifically, there was weaker connectivity in the sleep-disturbed subgroup than in the subgroup 
without sleep disturbance between lateral temporal and retrosplenial cortex, and between 
temporal pole and hippocampal formation. These brain areas have been associated with several 
aspects of episodic and semantic memory as well as with activity during specific stages of sleep. 
 
The second paper on the relation of memory to disordered sleep (“Determining the relationship 
between sleep architecture, seizure variables and memory in patients with focal epilepsy”) 
examined individuals with epilepsy, a condition in which problems often occur in both memory 
and sleep (Miller et al., in press).  These individuals underwent 24 hour ambulatory EEG, which 
provided multiple indices of sleep.  Whereas in the paper by McKinnon and colleagues, the 
clinical group was divided by extent of sleep impairment, in this paper by Miller and colleagues 
the group was categorized by whether or not they experienced nocturnal epileptiform discharges 
and by whether or not they had a lesion to the hippocampus.  The presence of either nocturnal 
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discharges or hippocampal lesion was associated with longer REM latency, which itself 
predicted scores on a questionnaire about everyday memory function.  Miller and colleagues 
suggested that REM latency may be useful as a marker of disturbances in sleep architecture, as it 
was associated with a smaller percentage of time spent in slow wave sleep early in the night, 
prior to REM onset. 
 
In the third paper, Tripathi and Jha (India) examined memory after sleep deprivation in rats 
(“Short-term total sleep deprivation alters delay-conditioned memory in the rat”; in press).  The 
rats were trained on a delay-conditioning task and then divided into three groups:  one sleep-
deprived for six hours immediately post-training, and two control groups (non-sleep deprived, 
and non-sleep deprived but stressed through confinement for six hours).  They were tested on the 
delay-conditioned task the next day. The sleep-deprived group showed poorer learning than the 
control groups.  Polysomnographic recordings identified augmented REM sleep on training and 
testing days relative to baseline after successful learning.  While acknowledging the role of 
brainstem-cerebellar networks in eyeblink classical conditioning, Tipathi and Jha emphasized the 
potential role of the amygdala in increasing the salience of behavioral events associated with 
motivated conditioning, and cited changes to amygdala with post-learning sleep. 
 
The final section, on the interaction of sleep disruption with emotional reactivity and mood, is 
represented by two papers, one a review of emotional reactivity in insomnia and bipolar disorder 
by Altena and colleagues (France, the Netherlands) and one a description of depression 
associated with cancer, by Hoyt and colleagues (US).  In regard to emotion, Altena and 
colleagues (“The bidirectional relation between emotional reactivity and sleep:  From disruption 
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to recovery”; in press) make the strong point that not only do pathological sleep problems affect 
emotional reactivity, using insomnia as an example, but also that sleep is affected by 
pathological emotional reactivity, using bipolar disorder as an example.  The focus on 
experimental sleep deprivation and insomnia recalls the suggestion of Tripathi and Jha that the 
amygdala may be important to consider in regard to event salience, as Altena and colleagues 
describe increased activity in this region upon presentation of emotional stimuli, in sleep-
deprived individuals and in those with insomnia.  Moreover, REM sleep appears to be important 
for both the processing of emotional information and for the reorganization of emotion-related 
brain activity, and it is deleteriously affected in insomnia, with micro- and macro-arousals 
occurring during this sleep stage.  There is little consistency in the small neuroimaging literature 
on insomnia, with some indication of increased connectivity of amygdala and insula with 
prefrontal regions.  In bipolar disorder as well as in insomnia, there is hyperactivity of areas that 
usually decrease in activity at sleep onset and during sleep, including regions that are important 
in emotional processing:  amygdala and anterior cingulate cortex.  Insomnia and bipolar disorder 
also share a deficiency of GABA, which inhibits brain activity in some regions during sleep.  
Altena and colleagues cite the promise of treatments of insomnia and bipolar disorder that focus 
on normalization of sleep and emotional reactivity, with consequent normalization of patterns of 
brain activity. 
 
The second paper in this topic is on sleep quality and depression in men who had been treated for 
prostate cancer (“Sleep quality and depressive symptoms after prostate cancer: The mechanistic 
role of cortisol”).  Hoyt and colleagues (in press) examined sleep quality because its disturbance 
is common in this clinical group, and it is a risk factor for the development of depression. Self-
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reports of sleep quality and depression were taken twice, separated by 4 months.  At Time 1, 
diurnal salivary cortisol was assessed, in order to examine whether dysregulation of biological 
stress may drive the relation between disturbed sleep and depression. The investigators reported 
that worse sleep at Time 1 predicted more depressive symptoms at Time 2, and indirect effects 
on depressive symptoms were observed for two of three cortisol indices: diurnal slope and area 
under the curve (but not for cortisol awakening response).  Hoyt and colleagues concluded that 
hypothalamic-pituitary-adrenal (HPA) dysregulation may be a mechanism by which sleep 
disruption leads to depression in this clinical group. 
 
To conclude, the articles presented in this issue underscore the importance of sleep as a topic of 
investigation in behavioral neuroscience.  The represented research studies advance our 
knowledge about a wide range of topics, including the relation of sleep to cognition, memory, 
emotional reactivity and mood, with several of the papers emphasizing the relation between sleep 
and human clinical conditions.  Imaging, electrophysiological, and other technological 
approaches and sensitive behavioral tasks have begun to reveal the complex relations between 
sleep and the functioning of the awake brain in health and disease.  We look forward to advances 
that will clarify the brain mechanisms of sleep and its interactions with psychological 
functioning.  Current research, such as represented here, provides hope as well for the 
development of sleep-based interventions that apply the “balm of hurt minds” to improve 
psychological health, and interventions that reduce the suffering of those with primary sleep 
disruption. 
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